Neutrino Masses
and

Tﬁysics Beyoncf the Standard Model

Pavel Fileviez Perez

Department (f ’Pﬁysics, Center for Fducation and
Research in Cosmofogy and ‘Astro]oﬁysics (CERCA)

(CASE WESTERN RESERVE
UNIVERSITY  gor 806

think beyond the possible®

¥

NuTheories: Beyond the 3 x 3 Paradigm at Current and Near-Future Facilities, Univ. of Pittsburgh, Nov 2018



Neutrinos are ‘Massive |

How do we test the theory of Neutrino Masses ?




Massive Neutrinos

NuFit Collaboration
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Massive Neutrinos

e Dirac Fermions B-L. Conservation !

—Lp = YVD (riocoH*vp + h.c.

* Majorana Fermions B-L Violation !

Many |ldeas !
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Dirac Neutrinos

B-L Conservation !
—Lp=YP lriocoH*vg + h.c.

VP <ale's; mmmy 8.1 eV

Y

SVR ﬁ U(l)B—L Local Anomaly

Free Symmetry

a) Unbroken B-L: Stueckelberg Mechanism Feldman, P.F.P, Nath

b) Broken B-L: Spr ~ (1,1,0,npL), |nBL| > 2.
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(Minkowski, Mohapatra, Senjanovic, Glashow, Yanagida, Gell-Mann, Ramond, Slansky)

‘quomna Neutrinos

- 1
— Ly = YVD Urioo H* P §MRV£CVR + h.c. (Canonical Seesaw)

ﬁ M,/ :mDMglm%

/\/'\/\/\

1if mp 102G6V ﬁ MR S 1014_15G6V

(Seesaw Scale)
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The Canonical Seesaw

* In general, the upper bound for the B — L breaking scale is the
canonical seesaw scale, i.e. vg_; < 104 GeV.

P. Fileviez Perez




Simple Scenarios for Neutrino Masses

T R SRR oL St e

- Type
- Type
- Type

Seesaw
| Seesaw
|| Seesaw

- /ee Model
- Colored Seesaw
- Witten’s Mechanism

O{'\Aers V
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The Simplest Theory is based on Local B-L

U(l)B_L

—L! =Y, friocyH*vg + Ag vg CVgSp + hc,

Ser ~ (1,1,0,2)
|
What is the B-L Seesaw Scale ? S Mg < 10M7PGeV

How do we test this theory 7
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P. F. P, C. Murgui, Phys. Lett. B777 (2018) 381

B-L Zee Model

S'\M\F\Qs‘\’
Veca\'\zmeLOW O‘Q
~\\,\’Q %LQ NZ&\/\&W;'('M

~va o~ 3'\,. T\'\Qo"‘a\.
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P. F. P, C. Murgui, Phys. Lett. B777 (2018) 381

B-L Radiative Seesaw

—L% = r1€] Ciopl 61 + Agvf Cegs™
+ AijH] ioyXH;8~ + Y.{  Hieg
+YieiooHivg + hee,

2
"y,

1 B8 B8

L Yyr* Yy *

(MV)Q‘Y - ) z ,\Ic_'ﬁmeﬁ E Log (m2 ) p (YJl Vi + Y:z V5i)Vsi+a & v
B8 i €

2
| ny,.

Ryay a3
M) = s BAR Mey § 'Log (m’

8

) X (YOI + YO Vi) Vsi 4+ a ¢

R &
a) One can have very light sterile neutrinos < M S M v >

b) One could have large contributions to LFV processes
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Can we realize Seesaw at the Low Scale?
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P. FE P, C. Murgui, Phys.Rev. D98 (2018) 055008

Seesaw Scale and Dark Matter

Neutrino Dark
Masses Matter

1 e -
£oM D =2 FL Foi g™ +iXpy Duxt +iXry* Duxr + (DuSBL) (D" SpL)

— (Y,, lriocoH*vp + AR I/£CVRSBL +MEXELXR T h.c.) ;

Y Mg = V2AgruBL Mgz,, =29BLVBL

K—/ P. Fileviez Perez
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P. FE P, C. Murgui, Phys.Rev. D98 (2018) 055008

Seesaw Scale and Dark Matter

n = 1/3 when Qpyrh? < 0.1199 £ 0.0027
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Seesaw Scale and Dark Matter

The Canonical Seesaw

* In general, the upper bound for the B — L breaking scale 1s the
canonical seesaw scale, i.e. vp_ < 10 GeV.

P. Fileviez Perez
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P. F. P., C. Murgui, Phys.Rev. D98 (2018) 055008

Seesaw Scale and Dark Matter
The Canonical “Dark”Seesaw

* The presence of Dark Matter in the game lowers considerably the upper
bound to vg_; < 200 TeV.

10V ™~

* Hope to see signals in a near future!!!

N ——— T T
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P. F. P., C. Murgui, Phys.Rev. D98 (2018) 055008

Seesaw Scale and Dark Matter

The upper bound on B-L Seesaw Scale 1s in the multi-TeV region

Therefore there 1s a hope to test the origin of neutrinos masses at Colliders !

Signatures at LHC

pp — Zhy, — NiN; — e WFeEWT — e eii4j. P.FP,T Han, T Li
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P. F P, C. Murgui, Phys.Rev. D98 (2018) 055008

Testability at the LHC

pp — Zp, — NiN; — ej'tW:Fe,:ctW:F - e;tez:4j.

— My=1TeV, Mz, =2TeV, gg; =0.1
— My=3TeV, Mz, =6TeV, gg =0.5
— My=4TeV, Mz, =7TeV, gg =0.9

200 500 1000 2000 5000
My (GeV)

The LHC could see these events in the near future !

P. Fileviez Perez
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P. E P, C. Murgui, Phys Rev. D98 (2018) 055008
.

One can expect lepton number violating and DM signatures at the LHC
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MSSM lnteractions

Werpc = Y, QHu® + YyQHyd® + Y, LHqe® + pH, Hy

Wrpv = eLH, + ALLe® + X QLd® + X u°d°d°

(_1)3(B—L)+2S _ (_1)23 M

(B‘, W, Hy, ~3) _> Cold Dark Matter !
“‘Q V\"\"W'\\‘B W LOV\-QLr\!e_CA X




Whrov = €LH, + ALLe® + X QLd® 4+ X u‘d°d"

What Ls the origin of the Lepton and baryon
number violating interactions in the MSSM?

Matter-Parity:




V. Barger, P. Fileviez Perez, S. Spinner, Phys. Rev. Lett.102:181802,2009

Minimal B-L Theory for R-Parity Violation

G- = SUB)e @ SUE)L QU QU5+

~ N

Vater - Q ~ (3,2,1/3,1/3) L~(1,2,-1,-1)
u®~ (3,1,-4/3,-1/3) e~ (1,1,2,1)
d° ~ (3,1,2/3,—1/3)

:> ;/C ~ (1, 1,0, 1) (for anomaly cancellation)
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The Minimal B-L Model predicts

- R-parity must be spontaneously broken !

- The B-L and R-parity breaking scales are defined
by the SUSY scale.

- Lepton number violating signals at the LHC !
{ YY S\ &\/ s \-ch\\ zee\ ej\ ‘\\’\Q \M\\\ AN SCW\Q




Scalar Potential and sSymmetry Breaking

Wge_r = Wgpc + Y, LH, V¢

g on i i (A,,I}Huﬂc I h.c.)

g2 (v2—vi—v})" + gh (vE—3)’|,

(3. <0) [z |~ Houey

The B-L and R-parity breaking scales are defined by the SUSY scale !
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The mass matrix for all light neutrinos: Gl SEnNeRR SRR E LD

Mohapatra’86;
Ghosh, Senjanovic, Zhang'10

(V6> Vs Vry Vga VE,)

M o— Aviv% = B(Y,f%}; + Y730 )+ CYBY? YiPu,/V2
ol Y % vy, /2 O2x2

Possible spectra: (M Ve

V3 V1

vV
Vo -

1 V3
V4.5 Va5

The theory predicts two light sterile neutrinos !
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Georgi-Glashow Model
Georgi, Glashow, Phys.Rev.Lett.32:438-441,1974

Gsu = SUB)® SU(R2)QU(1) C SU(5)

Matter Assignment

C ~— SN—m———"
( df / 0 ug] —’ug U1 d1 \
d2C —uSC 0 Uq U9 U9
5= d° 10=2] uy -—uf 0 uz ds
e —u; —Us —U3 0 e’
- —dy, —-dy —-d3 —e° 0
\ —v ) . K 1 2 3 )
Higgs Bosons DH 24 17

B and L are explicitly broken !



p—>e*no
n—etn
p—>utal
n—uto
p—vmt
n—vnal
p—>e'n
pP—u'n
n—>vn
p—+e*pl
n—e*p-
p—>utpl
n— utp
p—=vp*
n—vpo
p—eto
pP—upo
n—=vw
p—e*KO
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n—-ekK?
p— u*KO
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n—-vK©0

p — et K*@892)0
p — v K*@892)*
n — v K*892)°

Proton Decay: AB =1, AL = odd

Physics at the
High Scale

/B (years)
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The georgi-gfasﬁow Model is ruled out !

* The unification of gauge couplings in
disagreement with the values of the
couplings at the electroweak scale.

* Wrong relation between charged leptons and
down quark masses.

e Neutrino are massless as in the SM.

P. Fileviez Perez

33




P.F. P, A. Gross, C. Murgui, Phys.Rev. D98 (2018) 035032

Realistic SU(5) Grand Unified Theory

SM Matter:

Ye #Yd

M, £0

M, = gaM,,, M, = %(3 + 2094)M,,, M

,. 1 .
p(3,2) A"[P(z,z) — 5(1 + 771'24)]"’[/)3
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P.F. P, A. Gross, C. Murgui, Phys.Rev. D98 (2018) 035032

Realistic SU(5) Grand Unified Theory

p-K*V (HK)

LogioMgut(GeV)
o
[ ]

8 10 12 14
Logio E (GeV)

Logom24

-
B

-
W

LOg1th (GeV)
)

—
—

-
=]

P. Fileviez Perez




P.F P, A. Gross, C. Murgui, Phys.Rev. D98 (2018) 035032

Realistic SU(5) Grand Unified Theory

Super-K excluded Super-K excluded
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SUMMARY

—)

The testability of the theory of neutrino masses 1s crucial to
complete our understanding of the origin of fermion masses !

I have presented strong motivations for the realization of the seesaw
mechanics at the multi-TeV scale and to look for lepton number violation

at the LHC or future colliders.

The Seesaw Scale must be in the multi-TeV scale in the simplest theories
based on B-L if there 1s a relation between DM and the origin of neutrino

Massces.

The minimal supersymmetric theory based on B-L predicts that lepton number
must be broken at the SUSY scale. Therefore, 1if SUSY 1is realized at the
multi-TeV scale one could test the origin of neutrino masses at colliders.

We have discussed a simple renormalizable SU(5) grand unified theory which
predicts an upper bound on the proton decay lifetime and can be probed at the
SK or HK. We predict an upper bound on the Type III seesaw field mass in

the multi-TeV scale.

P. Fileviez Perez
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Thank You !



Extra Information



P. F. P, C. Murgui, Phys. Lett. B777 (2018) 381

Light sterile neutrinos and Cosmological bounds

* Annihilation rate:

Tn(T) = nn(T) Y (of(NN = ff)v)
5

* Annihilation cross-section:

8§L N{:C(QlfeL :

127 [(s— M3, ) +M5 T% |

Zpr ™ Zpr

O'f(S) =

497TST 9gBL
In(T
M) = 104300 ¢3 (MZBL) ZQZL
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P. F. P., C. Murgui, Phys. Lett. B777 (2018) 381

Light sterile neutrinos and Cosmological bounds

ANeff < 0.28 when Ho = 68.7105 Mpc™! km/s,

ANesf < 0.77 when Hp =71.373 Mpc~! km/s.

M
eV (LEP?2)

gBL

8 10
Mzg, /g98L (TeV)
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P. F. P, C. Murgui, Phys. Lett. B777 (2018) 381

Possible Large Contributions to LFV processes

10—13
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P. F. P, C. Murgui, Phys. Lett. B777 (2018) 381

Possible Large Contributions to LFV processes

P. Fileviez Perez
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P. F. P, C. Murgui, arXiv:1803.07462

Seesaw Scale and Dark Matter

XX = ZsL ZeL

XX—ZgLh

‘3

2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
M, (GeV) M, (GeV)
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P. F P., C. Murgui, arXiv:1803.07462

Seesaw Scale and Dark Matter

1000 2000 3000 4000 5000 6000
My(GeV)
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P. F P., C. Murgui, arXiv:1803.07462

Seesaw Scale and Dark Matter

= 3 when Qpph” < 0.1199 £ 0.0027
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P. F. P., C. Murgui, arXiv:1803.07462

Testability at Future Colliders

pp — Zp, — NiN; — eé-tW:Fe,fW¢ — e;.te,:ct4j.

L£=30f" Vs =100 TeV

— My=1TeV, Mzg, =2TeV, gBL =0.1
= My=2TeV, Mz, =5TeV, gg =0.5

=== My=4TeV, Mzg, =7TeV, gBL=0.9

> 0.0
500 1000 2000 500 1000 1500 2000 2500 3000 3500
My (GeV) My (GeV)
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What is the origin of the tachyonic mass for ;7€ ?

a)  fr°v*X ()  Radiative Symmetry Breaking

P. F. P., Spinner, 2010

b S =Tr(Yp_pLm?) # 0 at GUT scale

M. Ambroso, B.A. Ovrut, 2009, 2010




